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Profuse and selective growth in vitro of rat spinal axons on a micro-patter ned
poly (ethyleneimine) grid.
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Abstradt-To distribute neurites (axons) along a surface
and to guide them towards specific point targets we
cultured spinal cord explants on coverdips printed with a
micro-patterned grid of poly (ethylene imine) (PEI) lanes.
The grid was prepared by micro-contact printing with
silicone samps. Spinal cord explants were resected from
neonatal rats. A tiny bunch of glass filaments was used to
ensure adhesion of the explant to the coverdip. One end of
the bunch was glued to the coverdip while the other end
pressed the explant firmly onto the coverdip. Spinal cord
explants cultured in a collagen matrix, on a coverdip
samped with poly D-lysne (PDL), or on a coverdip
uniformly coated with PEl or PDL were used as controls.
Cultures were maintained for 6 days in \vitro (div).
Outgrowth from the explant was observed using phase
contrast microscopy.

None of the explants detached from the coverdip.
Neurites emerged randomly from the explants, but upon
crossing one of the grid lanes they subsequently followed
the grid pattern. The outgrowing neurites were guided by
the PEI lanes of the grid and reached lengths of up to 2400
pm.

After 6 div no signs of degeneration were observed in
the outgrowth of explants cultured on a stamped coverdip
oo on a homogeneoudy coated coverdip, while
degeneration did appear in the explants cultured in
collagen after 4 div.

Compared to control explants cultured on PDL (either
on stamped or on uniformly coated coverdips), explants
cultured on a micro-patterned PEI grid grew more pofuse
(more and longer neurites).

Because these cultures can be easily manipulated, this
paradigm is ideally suitable for sudies of neuronal
networks and for studies that necessitate the guidance of
neurites towards a specific target (in culture), for instance
the electrodes of a multi-electrode array in a culture dish.

Keywords - culture; neonate; outgrowth; rat; spinal
cord; stamp; print; PEI; multi-dectrode array

I.INTRODUCTION

The mechenisms of growth cone orientation are
extendvdy invedigated, but poorly undersood. Growth
cones, and the neurites thet are dtached to them can be
expaimentdly guided by diffusble cues by the means
of an detric fidd, by neve quides (mechanicd
congrants), or by artifidd peths

Precise guidence of neurites would be a mgor
advatage for many expaiments It would dlow, for
indance, for the condruction of atifidd networks with
red neurons. It would dso pemit for the connection
between spind cord neurons in situ and a cultured multi-
dectrode aray (MEA). Such arays, conceived as
interfaces  between dectronic devices and the nervous
sydem, will consg of an implantadble encased plae

containing eectrodes covered with dusters of cultured
neurons Those cultured neurons will be connected to
the centrd nervous system through (induced) collaterds
of peipherd neaves [1]. This technique ams to support,
ad eventudly to retore motor function dfter spind
padyss

Micro-patterned  grids of adhesve substrates (used
done or in combingion with other techniques) may be
usd to precisdly target neurites toward specific points
This technique was successfully goplied to dissodiated
neurons from chicken, which grew on poly D-lysne
(PDL) lanes.

Rats ae usgful placentd mammds for the dudy of
regengradion. As in humans, the devdopment of thar
nevous sysem is not complete a hbirth. Recent studies
show that successful regeneration of outgrowth can dill
be obtained in vitro with neonad ras [2]. Interestingly
this method (culturing explants in cdllagen) yidds long
outgrowth (2 mmin 2 div).

For the present sudy, a modd was conceved
combining rat oind explants (in order to have profuse
outgrowth), and micro-paterned printing of adhesive
subdrate for guidance of the neurites Previous
sreening of potentid  adhesive subdtrates suggested  that
poly (ethylene iming) (PEl) would be better than PDL
for thismodd.

Dissociated cels or amdl pieces of tissue adhere
eadly to a subdrate, but the larger an explant is the
mogt susoeptible it is to detachment, due to eddies in the
surrounding culture medium.  Therefore a new method
was conceved to ga the explant to adhere to the
abdrae Two techniques are gengrdly used to secure
an explant to the subdrae The explant is deposed onto
the subgrate within the smdles drop of medium, and
then submitted to evgporation. The explant is pressed
onto the substrate by its own weight. When it is assumed
that the explant adheres afficiently, but before it dats
to dy out, the Pari dish is filled up with culture
medium. Progressve concetration of the medium
during the evgporation phese might be toxic for the
explat and vaisble bewen explaits (precluding
comparative dudies). With another method the explant
is secured onto the subdtrate with a didyss membrane
dter a couple of hours the membrane is removed. In
both casss it is difficult to asure that the explant will
remain achered.

When culturing a lage explatt on a micro-patterned
grid, the problem is even larger as most of the culture
aurface will not be covered with the adhesve subdrate
For this reeson a new technique dlowing for solid
adheson of the explant to the support was needed. The
explant is sscured on the coverdip with a few glass
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filaments asaring immobilization of the explat and
free diffudon of the medium aound the explat. Usng
this technique we obtaned profuse outgrowth (as
compared to explants cdtured on a PDL grid), and
rdaivdy long-tem  survivd of the explats (es
compared to explats cultured in a collagen matrix).
Moreover, the outgrowing neurites were guided by the
microprinted lanes Reaults thet we obtained with this
method were briefly mentioned [3], but the method wes
not extensively described.

1. MATERIALSAND METHODS

We usad damps to print a paten on glass and we
usd glass filaments to secure the explants on the glass
We cultured those explants for 6 div in a chemicdly
defined serum free medium Ry, [4] and we obsarved the
outgrowth with phase- contrast microscopy.

The procedure for meking the stamps has bean
extendvdy described in 1999 by Warbingk [5]. In short,
the pattern was designed on computer and then engraved
in dass udng micao-techniques (photolithogrephy, dry-
eching and we-eching). The grooves in the reslting
mold ae 25 nm degp and 75 nm lage Slicon wes
poured on the resllting mold, solidified in an oven ad
turned out. This dlicon block was used as the micro-
stamp.

PEl is trandferred from the stamp to the coveadips
by contact. We know from expeience tha the choice
and the treamet of the glassvae ae of mgor
impotance for the qudity of the growth (length and
number of the neuites and for its spedficty (the
tendency to be guided by the printed lanes). Coveardips
18 x 18 mm (Menzd-Gléser, Germany) were immersed
for 1 week in potassum dichromate 10 %, rinsed till no
more coloraion is visble rinsed 2 more times in
didilled waer, plunged in ehand 70 % (to change
suface propeties) and dlowed to dry. Usng a fine
diamond pen a coss was dravn in the middle of the
covedip on the future undersde and an asymmeric
mark was drawvn in one comner. These dgns were used
for podtioning of the damp and the explat and to
differenticte the 2 ddes of the coverdips Theedter the
coverdips were gerilized (4 hrs, 180°C).

The samps were mede hydrophilic by argon plasma
deming (Biorad sputter coater, 3 min. a& 25 kV), ad
gored. After every 10 dampings the samp must be
made hydrophilic again. Immediadly prior to printing
the stamp was wetted with PEI (0.2 mg/ml; Sigma
Aldrich Chemie, Steinhem, Switzerland) for 1 min, then
dried with filtered pulsed ar. The samp was then
postioned onto the coverdip and manud pressure wes
goplied. Equa gpplication of pressure was obsarved
with an inveted microscope dlowing illumination and
obsarvation from beow, of the to-beprinted coverdip.
Presure was maintained for 1 min. Trandferred PEI
could be obsrved by trandllumindgion with an inverted
microscope a high magnification.

All the coverdips were lad down on pge. A
bunch of a few gass filamets (10 mm long) wes
deposted on exch covadip. The filaments were
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dispersed by getly rolling the tip of a par of curved
tweezers over them.

A collagen solution was prepared extemporaneoudy
from:

- 800 ul of Vitroge®, (3 mgm bovine type |
collagen solution; Collagen Corporation, Fremont, CA)

- 100 pl of a solution containing 38 mg/ml NaHCO,
and 135 mg/ml DMEM (ICN Biomedicas, Zoetermeer,
NL)

- 100 pl of 0.1IN NaOH

-15ul 1N HCI

The collagen solution was stored in mdting ice.

One end of the bunch wes fixed in place with a drop
of the collagen solution (ussd a glug). In order to
immohilize the filaments the end is hed with the tip of a
par of curved tweezers and the drop of collagen is
deposed onto it. The coverdip was placed into a Petri
dish (Fgure 1) and was dored immediatdy in a CO,
incubator (37°C, 55 % CO,). After 2 hrs (time

for the gdaion of the cdlagen) 1 ml of
culture medium (R;,) was added to each Petri dish.

As controls, spind cord explants were cultured in a
3D codlagen marix [6] or cultured on coverdips
entirdy coated with PEI, printed with PDL (Sgma
Chemicd Co, MO) or entirely coated with PDL.

All procedures for the preparation of spind explants
took place under antisgptic conditions and in accordance
with ndiond lavs The sind cord from new-born
Widar dbino Glaxo ras was colected in Ry medium
and the meningid covering was dripped away. The
lumbar enlargement was chopped immediady into 250
pm dices Thee dices wee sepaated into laerd
hdves. Five of the realting dices wee sdected and
immediatdy digributed into the culture chambas The
dass filamets were lifted with a fine blade and the
explant was insated under them. The five cultures ae
placed in a glass dish, and gently rotated, to ascertan
tha dl explaits ae indeed hdd firmly down by the
gass fibers If necesary, explants were replaced under
the glass filaments or in a new culture chamber. Cultures
are then placed back into the incubator for 6 div. The
cuture medium was refreshed every cother day.
Obsarvations and photomicrogrgphs were made  using
phase contrast microscopy.

1. RESULTS

Despite the meanipulations (transportation,
observation and refreshment of the medium) none of the
explants detached from the Petri dish (n = 74) dter the
beginning of the cuiture

Explants cultured on PEl lanes displayed long and
profuse outgrowth. Neurites emerged randomly from the
explants, but upon crossng one of the grid lanes they
subsequently  followed the grid petten (Figure  2).
Neurite bundles were ssgregated dong the sde of the
ogid lanes preaumcbly growing dong the mogt
concentrated stes of PEl depostion. After 6 div the
bundles of axons reached lengths of up to 2400 um. The
outgrowing neuritic  bundles tended to  digribute



Figure1
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Representative photograph of the culture chamber. The outmost round structure is the wall of the Petri dish. The
square dructure is the coverdip. The round structure on the coverdip is the gelled drop of collagen. The cross drawn
on the opposite face of the coverdip has been pointed out with 4 dashes. The vertical structures are 6 glassfilaments;
the lower ends are immobilized within the collagen drop, the upper ends free (pointed out with 6 dots). The
asymmetric mark is seen in the upper left corner of the coverdip. Bar is5 mm.

themsdves over the grid paten, by branching or by
dbdvidon into smdler bundes a the intersections
progressvely  occupying the avaladble grid lanes while
growing outward from the explart.

As predicted [5] the printed pattern of PDL (control)
is not vishle (The authors monitored the amount of PDL
preset on the substrate by previoudy labding the PDL
with fluorescein isothiocyanate). Upon printing with PE
a vague patern can be seen by direct microscopic
observation.

Culture on PEl (lanes or coating) yidded far more
profuse and much longer outgrowth then control culture
on PDL (lanes or coating). Cultures on lanes (PEI or
PDL) vyidded patemned outgrowth while other controls
didn't. Contrd explants cutured in a collagen matrix
disgplayed smilar profuse outgronth as cultures on PE
but the firg dgns of degeneration could dready be seen
ater 4 div (Hgure 3).

The neuwrites grew pedificdly on the grid lanes. Few
neurites could be seen that crossed the non-covered
gass suface between the lanes This indicaes a far
higher probeability for the neurites to grow on the PEI
lane that on non-covered glass In the vidnity of the
explants some neurites can be seen that cross between
lanes posshly because the dendty of axons is much
higher here Some of thexe have a liner dructure
indicating that they are not adheiing to the glass but are
gretched upon it (Figure2).

No sgns of degeneration appeared during the time of
the experiments. Experimats invedtigating the maximd
posshle length of culture (data not shown) indicated that
firda dgns of degengrdtion would goper only dfter 1
week in culture the presence of nonrgrowing neurites
without growth cone, the agppearance of nodules dong
the shaft of the neurites Eventudly the neurites would
de They change itdf into lanes of dedris tha will

eventualy dissppear.



Figure 2
Outgrowth from a neonatal rat lumbar spinal cord
explant, after 6 div. The oblique linear structures in the
lower left corner are three glass filaments. The two
perpendicular lines that cross each other in the upper
right corner are the scratches made with the diamond
pen. Phase contrast microscopy, bar 500 mm.

IV.DISCUSSION

No explants detached from the coverdips. As far as
we know our culture chambers are the best way to atan
firm adheson of an explat to the aubdrae This
technique is smple, it dso pemits to dat the culture in
a vay shot time ate rescting the explants and it
pamits essy access to the outgrowth, enabling essy
manipulaion of the neuwrites The technique is bassd on
the propeties of glass (inet, strong and derilizable) and
of callagen (dicky, innocuous and gterile).

The longer time during which the culture is free of
degenerative Sgns as compared to control culture in
collagen might be explaned by beter dffuson of the
medium around the explart.

The length of the outgrowth, the long culture period,
and the spedificity of the growth on the printed petten
make this method ided for future Sudies

Axons could be sedficdly directed toward the
neurond dudes cutured on the microdectrodes of a
cultured probe. A growth cone could be forced to orient
itdf toward a sedified lane (by usng dectricd fidds,
diffusble tropic factors or by blocking a lane with a
srach or with repulsve factors). Future experiments
will determine whether the PEI grid perssts sufficiently
long for gpplication in vivo, as there will necessaily be
a sbdatid dday between the initigion of axons
collaerds from the nerve and the momett when the
growth cone will synapseto the dugters of the MEA.

Incidentdly the same expaimettd  paradigm
(explat culture on paterned substrates on MEA) is
idedly aitdble for the dudy of odlaed induction
through dedricd gdimulaion [7]. These dudies are
currently in progress

Findly explants cultured on superimposed paterns
of diffoet adhesve substances may be employed to
obtain even more intricate and coordinated networks of
axons in vitro. In this regard the relative poor outgrowth
from the spind explat on PDL lanes is an interesting
propaty. A protocal might be cregted in which spind
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cord explants would develop outgrowth preferentidly on
PEl while another type of nevous tissue would grow
preferentidly on PDL.

Figure3

Representative photographs of controls. Phase contrast
microscopy, bar 100 pm. A. Profuse and long outgrowth
on glass entirdy coated with PEI, after 6 div. B.
Outgrowth on glass entirely coated with PDL, after 6
div. Neurites are shorter and less numerous. C. Profuse
and long outgronth in a 3D collagen matrix, after 4 div.
First signs of degeneration (nodules, debris in ling) are
present.
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